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Cookstovesa b s t r a c t
Cooking, heating, and other activities in the residential sector are major sources of indoor and outdoor air
pollution, especially when solid fuels are used to provide energy. Because of their deleterious effects on
the atmosphere and human health, multinational strategies to reduce emissions have been proposed.
This study examines the effects of some possible policies, considering realistic factors that constrain
mitigation: end-uses, spatial constraints involving proximity to forest or electricity, existing technology,
and assumptions about user behavior. Reduction scenarios are applied to a year-2010, spatially distrib-
uted baseline of emissions of particulate matter, black carbon, organic carbon, nitrogen oxides, methane,
non-methane hydrocarbons, carbon monoxide, and carbon dioxide. Scenarios explored are: (1) cleanest
current stove, where we assume that existing technology in each land type is applied to burn existing
fuels; (2) stove standards, where we assume that stoves are designed to meet performance standards;
and (3) clean fuels, where users adopt the cleanest fuels plausible in each land type. We assume that
people living in forest access areas continue to use wood regardless of available fuels, so the clean-fuels
scenario leads to a reduction in emissions of 18e25%, depending on the pollutant, across the study re-
gion. Cleaner stoves preferentially affect land types with forest access, where about half of the fuel is
used; emission reductions range from 25 to 82%, depending on the pollutant. If stove performance
standards can be met, particulate matter emissions are reduced by 62% for the loosest standards and 95%
for the tightest standards, and carbon monoxide is reduced by 40% and 62% for the loosest and tightest
standards. Reductions in speciﬁc regions and countries depend on the existing fuel mixture and the
population division among land types, and are explored for Latin America, Africa, East Asia, South Asia,
and Southeast Asia.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Cooking, heating, and other activities in the residential sector
are major sources of indoor and outdoor air pollution, especially
when solid fuels are used to provide energy (Ezzati and Kammen,
2002; Mehta and Shahpar, 2004; Jetter and Kariher, 2009; Kim
et al., 2011). In rural areas and resource-constrained countries,
solid fuel can provide a large fraction of the household energy
budget (Pandey, 2002; Tabuti et al., 2003; Bhatt and Sachan, 2004;
Sumati, 2006). WHO (2006) estimated that more than three billion
people depend on solid fuels (coal, charcoal, fuelwood, agricultural
waste, and dung) to fulﬁll their basic household energy needs. High
emissions from solid fuel combustion create indoor air pollution
(Ezzati et al., 2000; Albalak et al., 2001), climate change and
regional haze (Bond et al., 2004; Edwards et al., 2004; MacCarty
et al., 2008; Ramanathan and Carmichael, 2008; Ramanathan
et al., 2008). Deforestation by fuelwood collection is another
pressing environmental problem in many regions (Bhatt and
Sachan, 2004; Dovie et al., 2004).
Although the impacts may be severe, users at subsistence level
are not expected to ameliorate them on their own. Thus, there has
been attention from organizations that provide support to reduce
negative impacts. Examples of current initiatives include the Global
Alliance for Clean Cookstoves (UN foundation, 2013), which has set
a goal of using clean and efﬁcient stoves and fuels in an additional
100 million homes by 2020, and The World Bank (2013), which
provides about $8 billion a year in ﬁnancing to boost access to
electricity, clean fuels, renewable energy, and energy efﬁciency.
Two basic approaches to achieving improvement are better
stoves and cleaner fuels (Goldemberg et al., 2004; Bazilian et al.,
2011; Foell et al., 2011; Lewis and Pattanayak, 2012; Pachauri
et al., 2013). Since the 1980s, more efﬁcient stoves have been
introduced in China, India, and other parts of the world (Lu, 1993;
Edwards et al., 2004; Kumar et al., 2013). The primary goal of
early programs was to reduce deforestation, while improving
health was a focus in later years (Boy et al., 2000; Edwards et al.,
2004; Smith et al., 2007; Romieu et al., 2009). One of the most
successful stove programs has been the Chinese National Improved
Stove program, which introduced approximately 129 million
improved biomass cookstoves into rural areas during 1982e1992,
of which more than 100 million are still in use (Smith et al., 1993;
Kumar et al. 2013).
Another approach to reduce the negative impacts of household
energy is making cleaner, higher-efﬁciency fuels more accessible
through subsidies or reduced fuel price. The factors that affect fuel
switching are not fully understood. Evenwhen liqueﬁed petroleum
gas (LPG) is subsidized, it usually does not replace fuelwood
completely (Masera et al., 2000). Fuelwood is still used to cook
some foods for both practical and cultural reasons. Fuel switching is
triggered by a range of changes associated with development, ur-
banization, electriﬁcation, and education to some extent (Heltberg,
2004). Fuel choice and consumption decisions are also sensitive to
fuel access and energy prices (Barnes et al., 2005).
Several studies estimate atmospheric or health impacts of res-
idential fuel consumption, and some evaluate the beneﬁts of
changing fuels or stoves. Bhattacharya and Salam (2002) estimated
that switching to biofuel, biogas, and gasiﬁer stoves could provide
38e61% reductions in greenhouse gas emissions compared with
traditional stoves used in Asian countries. GAINS (2012) estimates
country-level emissions for present day until 2030. Grieshop et al.
(2011) found that replacing traditional stoves with kerosene, LPG
stoves, and improved stoves with fans could provide beneﬁts to
indoor health and global climate. UNEP (2011), relying on GAINS
emission inventories, estimated that reducing black carbon
through improved biomass stoves or switching to cleaner-burningfuels would deliver the greatest health and near-term climate
beneﬁts, compared with improving transportation, banning open
burning of agricultural waste, or providing modern brick kilns and
coke ovens. IEA (2010) estimated energy consumption reduction in
a scenario called “Universal Modern Energy Access”, in which
universal access to cleaner fuels occurred by 2030. The Global En-
ergy Assessment (Riahi et al., 2011) also suggested that ﬁnal energy
consumption would be signiﬁcantly reduced with a shift from
biomass to LPG, while greenhouse gas emissions would either
remain constant or increase.
IEA (2010) and the Global Energy Assessment (Riahi et al., 2011)
estimated that investment between $17 and $38 billion per year
would be required, beyond IEA's reference scenario, in order to
provide 100% universal access to clean cooking facilities, including
electricity, LPG stoves, biogas systems or advanced biomass cook-
stoves in 2030 (Foell et al., 2011). To achieve the same target,
Pachauri et al. (2013) estimated a requirement of $65e86 billion
per year until 2030 and dedicated policies.
All of the studies discussed above infer emissions by combining
measured emission factors and efﬁciencies with fuel consumption.
Although the beneﬁts of cleaner stoves, emission reduction pol-
icies, and fuel switching have been widely reported, other consid-
erations related to feasibility have been neglected. Estimates of
emissions and mitigation potential often rely on national aggregate
data, not considering factors that vary between nations or within
the nation. This paper is the second in a series that explores po-
tential changes in emissions with constraints on plausibility guided
by the spatial distribution of users and resources. It considers the
appropriateness of cleaner stoves for the wide variety of residential
end-uses, and the likelihood of adopting better fuels based on
users’ proximity to free fuels. This paper relies on the method for
spatially allocating current fuel use and emissions among land
types developed in a companion paper (Winijkul et al., 2015). Here,
we examine the effects of hypothetical programs that could reduce
current emissions, considering end-uses, current technology, and
plausible assumptions about user behavior. We estimate emissions
that have both local and global impacts: particulate matter (PM),
black carbon (BC), and organic carbon (OC), carbon monoxide (CO),
carbon dioxide (CO2), nitrogen oxides (NOx), methane (CH4), and
non-methane hydrocarbons (NMHC).
2. Methodology
2.1. Overview of fuel allocation and emission calculation method
The detailed methodology describing spatial distribution of fuel
consumption in the residential sector is discussed in a companion
paper (Winijkul et al., 2015). Brieﬂy, our distribution method hy-
bridizes topedown calculations using national residential fuel
consumption data from International Energy Agency (IEA, 2012a, b)
and Fernandes et al. (2007), and bottomeup calculations of energy
requirements for major end-uses in households. In each country,
we classify ﬁve land types using population, forest, and nighlight
data: Urban, Non-Forest access (URB); Electriﬁed Rural with Forest
Access (ERFA); Electriﬁed Rural, Non-Forest access (ERNF); Non-
electriﬁed Rural with Forest Access (NRFA); and Non-electriﬁed
Rural, Non-Forest access (NRNF).
We calculate energy consumption for cooking, heating, and
lighting end-uses, as well as a miscellaneous category called
“Other.” We then estimate the types and quantity of fuels used for
each end-use. Next, we distribute fuels among land types and end-
uses. In ERFA and NRFA, fuelwood is free and we assume it is
preferentially used there. The highest efﬁciency fuels go to urban
areas. In ERNF, without easy access to forest and with available
electricity, we assumed that the next most efﬁcient fuels are used,
E. Winijkul, T.C. Bond / Atmospheric Environment 124 (2016) 1e11 3including fuelwood, but all of these fuels are purchased. Fuel con-
sumption estimates in each country differ, but typical energy car-
riers in this land type include LPG, natural gas, and fuelwood.
Finally, the least efﬁcient fuels are distributed to NRNF, and tend to
include coal, fuelwood, agricultural waste, and dung. A major
assumption is that useful energy (energy that heats the pot or
household) is consistent throughout the country for each end-use.
Finally, we calculate emissions using fuel-based emission factors
(Equation (1)). The principle of our approach is that emissions in
any location are the sum of emissions from a number of end-uses
(j), each of which is supplied with a number (k) of different fuels.
Thus,
Em ¼
X
j
X
k
P,fjk,
 
UEj
hj;kLHVk
!
EFj;k (1)
where Em is emissions in grams, P is the population, fj,k is the
fraction of population for whom fuel k is used for end-use j, UEj is
the per-capita useful energy in MJ required for end-use j, hj,k is the
thermal efﬁciency of the device used, and LHVk is the lower heating
value of fuel k in MJ (kg fuel)1. EFj,k are emission factors measured
in grams of pollutant per kilogram of fuel burned. The values hj,k
and EFj,k are speciﬁc to the combustion device chosen for end-use j
and fuel k (see Section 2.2). Population (P), devices chosen, per-
capita useful energy for each end-use, and fuel fractions (f) also
depend on location.
Many studies have reported emission factors from residential
fuels and stoves. Choices of emission factors for traditional stoves in
this study are summarized by Winijkul et al. (2015, Supporting
information). Emission factors chosen for improved stoves are
given in Table S1 (Supporting Information of this paper), while a
brief history of measured emission factors for improved stoves is
summarized here. The ﬁrst large database of emission factors was
developed by Zhang et al. (2000) for China and Smith et al. (2000a,
b) for India. Bhattacharya and Salam (2002) measured improved
biofuel, biogas, and gasiﬁer stoves as well as traditional stoves.
Emissions from fuels speciﬁc to China, including coal and agricul-
tural waste, have been provided by Cao et al. (2008); Zhi et al.
(2008); Shen et al. (2010); and Shen et al. (2013). More recent
studies have measured a large number of stoves, with the purpose
of choosing the best interventions (MacCarty et al., 2010; Jetter
et al., 2012). With few exceptions, tests have been conducted in
controlled laboratory settings. Because of more carefully controlled
user operation and fuel quality, emission factors measured in lab-
oratories are typically lower than those from ﬁeld studies (Johnson
et al., 2008; Roden et al., 2009), and there is presently insufﬁcient
evidence to conclude that percentage reductions observed in lab-
oratory settings are representative of actual practice. When
possible, emission factors are drawn from in-ﬁeld measurements.2.2. Emission reduction scenarios
We consider two general types of interventions: cleaner stoves
and cleaner fuels. Serious mitigation efforts would rely on a com-
bination of the two, so this division is exaggerated. We investigate
these extremes to demonstrate where and how beneﬁts are likely
to occur from each type of mitigation. Emission scenarios are
summarized in Table 1 and discussed in the following sections. In
each scenario, we assume that the spatial distribution of energy
required for each end-use remains the same, but stove efﬁciencies,
emission factors, or fuels may change.
In the improved stove scenarios, we assume that the type of
fuels consumed in each land type remains the same, and evaluate
emission reductions from replacement of stoves that burn the samefuel with higher efﬁciency and, sometimes, lower emissions. These
updated stoves have been broadly termed “improved stoves.” In the
clean-fuels scenario, we evaluate emission reductions by providing
cleaner fuels to some land types.
2.2.1. Improved stoves: cleanest current stove
In the “cleanest current stove” scenario, we alter the stoves in
the baseline scenario to the cleanest existing stoves that are
compatible with each land type, summarized in Table 2. Emission
factors and efﬁciencies for the stoves chosen are summarized in
Supporting Information (Table S1). Clean stoves may be used as
interventions when people cannot or will not switch to cleaner
fuels due to ﬁnancial limitations, adherence to traditional cooking
practices, or persistent availability of a competing fuel
(Wijayatunga and Attalage, 2003; Barnes et al., 2005; Schlag and
Zuzarte, 2008).
The criteria for inclusion is that stoves are commercially avail-
able and have broad acceptability demonstrated in at least one
location. The highest efﬁciency stove for fuelwood is the improved
stove with a fan, which can currently be used where electricity is
available. This type of stove uses a small fan to introduce air either
below or above the combustion chamber. The increased turbulence
causes mixing and improves combustion, decreasing emissions
(Witt, 2005; Philips, 2006; MacCarty et al., 2010; Raman et al.,
2013). For land types without electricity, the cleanest current
cookstove is one with a chimney. Chimneys remove exhaust from
the home, although not from the ambient environment; they also
improve combustion by inducing draft through the combustion
chamber. Cookstoves improved by insulating the combustion
chamber, but not adding a chimney or fan, have shown onlymodest
improvements in ﬁeld-based emissions or indoor air quality (Roden
et al., 2009; Kar et al., 2012). Field-measured emission factors of
improved coal stoves showed no signiﬁcant difference from those
of traditional stoves, so the same emission factors are used. For
lighting, we assume a switch to hurricane lamps, which have lower
emissions than kerosenewick lamps (Lam et al., 2012). Some stoves
termed “improved” may increase combustion efﬁciency but yield
higher emission per fuel burned (Smith et al., 2000b; Jetter and
Kariher, 2009). Even so, total emission may decrease if fuel sav-
ings offset emission increases.
New technologies not considered here include photovoltaic and
thermoelectric stoves that can generate electricity from the sun or
the heat of combustion, respectively, operating fans without grid
electricity (Champier et al., 2010; Champier et al., 2011; Kumar
et al., 2013; O'Shaughnessy et al., 2013). These fan-assisted stoves
could be used in both electriﬁed and non-electriﬁed land types.
Another novel technology is the semi-gasifying stove, in which
release of volatile matter from fuelwood is spatially separated from
combustion (MacCarty et al., 2010; Varunkumar et al., 2012; Kumar
et al., 2013). Although these promising stoves can have low emis-
sions and high efﬁciency, the persistence of use has not yet been
demonstrated in large programs.
2.2.2. Improved stoves: stove standards
To promote good stove performance and guide international
replacement programs, there have been efforts to set standards for
efﬁciency and emission (ISO, 2012), summarized in Supporting
Information (Table S2). One current rating system is known as the
International Workshop Agreement (IWA), produced through a
process led by the International Organization for Standardization
(ISO), hereafter ISO-IWA. It provides ratings in four Tiers. Similar to
automobile standards, the higher the Tier, the lower the emission
and the higher the efﬁciency. The Tiers were set by considering
performance relative to a three-stone ﬁre, and by estimating room
concentrations relative to the World Health Organization
Table 1
Emission Reduction Scenarios Explored in this Work.
Scenario Major assumptions
Improved Stoves: cleanest current stove Cleanest existing stoves in each land type and fuel for all end-uses
Improved stoves: stove standards Stoves that meet performance standards for cooking, water heating, and heating end-uses
Clean fuels: fuel switching Switching to electricity in electriﬁed areas and LPG in non-electriﬁed areas, except when free fuels are availablea
a Free fuels refer to fuelwood in forest access areas, and agricultural waste and dung in rural areas.
Table 2
Improved stove technologies assumed for the “Cleanest Current Stove” scenario. The same technology is used in electriﬁed and non-electriﬁed land types unless stated.
Emission factors and efﬁciencies, whose values are given in Table S1, are based on laboratory measurements unless indicated. Tier values (Tx/Ty) refer to standards that the
stoves would meet for efﬁciency (Tx ¼ Tier x) and PM emissions (Ty ¼ Tier y), as discussed in Section 2.2.2.
Fuel Improved stove technology
End-use: cooking and other
Fuelwood: electriﬁed land types Ceramic composition materials for inner wall of combustion chamber and fan to provide primary and secondary aira (Tier 3/3), with
ﬂue
Fuelwood: non-electriﬁed land
types
Insulated combustion chamber to increase combustion efﬁciency; stove with ﬂueb (in-ﬁeld emission factors, Tier 2/0)
Natural gas Infrared head (circular device to convert heat to radiation), without ﬂuec
LPG Infrared head (see above), without ﬂuec
Coal Galvanized ﬂue pipe and ceramic chamber with cast iron ringd (laboratory emission factors with ignition period included, Tier 2/0)
Charcoal Insulated combustion chamber, slanted pot rests and equally distributed holes on a gratee (Tier 2/2)
Agricultural waste Metal with equally distributed holes on a grate without ﬂuef (Tier 1/0)
Dung Stove made with metal with equally distributed hole on a grate without ﬂueg (Tier 2/0)
All others, including kerosene No change in technology
End-use: space heating
Fuelwood USEPA certiﬁed catalytic ﬁreplace woodstoveh (Tier 4/4)
All others, including coal No change in technology
End-use: lighting
All fuels: electriﬁed land types Electricity
All fuels: non-electriﬁed land types Kerosene Hurricane Lampi
a Philips (2006) and MacCarty et al. (2008).
b Johnson et al., (2008) and Roden et al., (2009).
c Zhang et al. (2000).
d Zhi et al., (2008); Zhi et al. (2009).
e Bhattacharya et al. (2002).
f Joshi et al. (1989) and Smith et al. (2000b).
g Joshi et al. (1989) and Venkataraman and Rao (2001).
h Houck and Tiegs (1998), McDonald et al. (2000), and USEPA (2013).
i Lam et al. (2012).
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aspirational rather than demonstrated, as many improved stoves in
wide use do not achieve the goals set by the standards.
In this work, we explore the implications of achieving each Tier
for cooking stoves. These standards affect efﬁciencies and emis-
sions only for solid-fuel stoves, because other fuels are cleaner and
more efﬁcient than Tier 4 standards.
We applied the ISO-IWA standards to stoves for cooking and
other end-uses for efﬁciency and for emissions of CO and CO2, and
PM. These standards are independent of fuel, and other pollutants
are not speciﬁed by the standards. The ISO-IWA standards do not
address heating stoves, so we applied standards existing in China
that govern heating end-uses of biomass and coal. These standards
regulate stove efﬁciency and PM, NOx, and CO emissions. To
approximate Tier 1 and Tier 2 standards, we apply Chinese national
standards (People's Republic of China (2012)), and to match Tier 3
and Tier 4 standards, we apply the tighter standards applied by the
City of Beijing (2008). Values of emission and efﬁciency standards
for both cooking stoves (ISO-IWA) and for heating stoves (Chinese
standards) are listed in the Supporting Information (Tables S2 and
S3, respectively). The treatment here assumes that stoves used for
heating are separate from those supplying cooking. In practice, both
needs may be supplied with the same stove.
The stove-standard scenarios differ from the cleanest-current-
stove scenarios in two general ways. First, when a standard for a
particular stove is cleaner than present technology, choosing thatscenario implies a forcing of technology that does not yet exist or is
not yet widely accepted. Second, when emission or efﬁciency
standards are poorer than those of existing devices, policies relying
on standards allow higher emissions than those that specify tech-
nology. There is some overlap between the cleanest-current-stove
scenario and the stove-standard scenarios, yet these scenarios
represent different approaches to policy, similar to the “Best
Available Control Technology” and emission-standard approaches
employed in the United States.
2.2.3. Clean fuels: fuel switching
The Fuel Switching scenario illustrates the assumption that the
cleanest plausible fuels are made available to users, and that the
plausibility of adoption differs by land type. This scenario assumes
either that users can already afford these clean fuels or that a policy
mechanism makes them ﬁnancially accessible, and that distribu-
tion and supply are developed to ensure availability. Because
emphasis is on providing clean fuels rather than improving stove
quality, traditional stoves are still used for the new fuels, with ef-
ﬁciency and emission factors as discussed in the companion paper
(Winijkul et al., 2015, Table S1).
A major assumption is that fuelwood in forest access areas,
dung, and agricultural waste are free, disregarding the value of the
users’ time in collecting them, so that users do not switch even to
clean fuels whose price is reduced. For cooking, heating, and other
end-uses, we assume that users of kerosene, coal, ﬁrewood or
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types), or LPG if it is not. Electricity and kerosene are used for
lighting in electriﬁed and non-electriﬁed areas, respectively, as
reported by Zhou et al. (2009), Miah et al. (2010), and Gwavuya
et al. (2012). Speciﬁc assumptions are summarized in Table S4.
3. Results and discussion
In this section, we compare emissions under each reduction
scenario. Emission changes by land type are discussed in Section
3.1. Section 3.2 discusses emissions grouped into ﬁve world re-
gions: Africa, Latin America, East Asia, South Asia, and Southeast
Asia. National emission reductions are discussed in Section 3.3.
Information needed for improving emission estimates is discussed
in Section 3.4.
CO2 emissions are affected only by efﬁciency. A similarity be-
tween reduction levels for CO2 and for another pollutant indicates
that the main improvement is caused by lower fuel use; if the
reduction levels are very different, improved combustion has also
played a role. When improved combustion reduces products of
incomplete combustion, many pollutant reductions are similar to
PM. NOx behaves differently; emission per unit fuel burned may
increasewith stove efﬁciency and hotter combustion. Therefore, we
discuss mainly CO2, PM, and NOx reductions here, with other pol-
lutants summarized in the Supplemental Information
(Figs. S1eS15). However, the residential sector produces just 4% of
global NOx emissions (IIASA, 2012; EDGAR, 2012), so reductions of
that pollutant are discussed in less depth.
3.1. Overall emission reduction
Fig.1 summarizes overall emission reductions for fuel-switching
and cleanest-current-stove scenarios for the study region, as well
as stove standard scenarios. Each ﬁgure shows emissions of PM in
ﬁve land types in a cumulative manner; that is, the level of emis-
sions shown for each land type is equal to emissions in that land
type plus all land types to the left. Total emissions under each
scenario are the emission values at the farthest right. The change in
emissions in a particular land type can be determined by
comparing the size of the steps between the scenario and the
baseline. A comparison of reductions in pollutants over all land
types also appears in each ﬁgure.
The upper panel in Fig. 1 compares global emissions of PM in
three scenarios: baseline, cleanest-current-stoves (“Stoves”), and
fuel-switching (“Fuels”). Baseline emissions and reduction of PM in
urban areas (URB) are low in absolute magnitude because of the
efﬁcient fuels already used there. Relative reductions in the Fuels
and Stoves scenarios are large, 99% and 91%, respectively, because
the cleanest fuels and stoves can be introduced there.
Cleaner fuels cause a 24% PM reduction overall. Much of this
change can be attributed to a shift toward greater efﬁciency, rather
than an improvement in combustion. CO2 emissions change by
almost the same amount (26% overall) and other products of
incomplete combustion have similar shifts, with a 32% overall
reduction in CO and a 20% reduction in NMHC. These measures
have the greatest effect in areas where fuel switching is assumed,
outside of land types with forest access. More than 75% of the
3669 Gg reduction in PM occurs in ERNF and NRNF, and for all other
pollutants except NOx, 69e82% of the reduction occurs in those
two land types.
Cleaner stoves, in contrast, preferentially affect land types with
forest access, where about half of the fuel is used and fuel switching
is assumed to be ineffective. The cleanest-current-stove scenario
gives an overall PM reduction of 72%. Other pollutants except for
NOx are reduced by 39e76%. Efﬁciency improvements are largelyresponsible for these changes, as CO2 emissions decrease by 39%.
Products of incomplete combustion decrease by more than CO2
because of better combustion with lower emission factors.
Unlike products of incomplete combustion, NOx emissions
might increase as combustion improves because it is produced, in
part, by hotter combustion. However, in the cleaner-fuels and
cleanest-current-stove scenarios, NOx emissions decrease by 16%
and 28%, respectively, largely driven by the decrease in fuel con-
sumption without a large increase in NOx emission factor. NOx
emissions increase in only one land type (NRNF) under the fuels
scenario, caused by switching to LPG, which has a higher NOx
emission factor.
The lower panel of Fig. 1 summarizes emission changes under
the stove-standard scenarios. Only PM, CO, and CO2 are discussed
here because there are no standards for the other pollutants. Tier I
stoves, the lowest level of improvement, are not as good as the
cleanest current stoves. Tier I stoves result in PM reductions of 64%,
CO reductions of 40%, and CO2 reductions of only 5%. Tier II stoves
are much better than Tier I stoves in terms of efﬁciency, resulting in
large emission reductions of all pollutants, and an overall reduction
greater than the cleanest-current-stove scenario. Compared with
Tier II, Tier III and Tier IV stoves also make efﬁciency advances; the
CO2 reductions are 29%, 43%, and 51%, respectively. The higher Tiers
make aggressive PM reductions of 81%, 91% and 94% for Tiers II, III
and IV. However, for CO, comparative decreases beyond Tier II are
lower than CO2 percentage reductions. CO emissions for cooking
stoves are speciﬁed as emissions per liter of water boiled, rather
than per amount of fuel burned. Efﬁciency decreases are more than
sufﬁcient to satisfy the CO emission standards.
For the stove standard scenarios, 62% of PM emission reductions
occur in NRFA and NRNF land types, where most of the solid fuel is
used. In ERFA, improved stoves with fans reduce emissions rela-
tively more than the stove alternatives in land types without
electricity. In contrast, when cookstove standards are assumed to
be achievable regardless of current technology, a noticeable efﬁ-
ciency increase and emission reduction occurs in all Tiers. Greater
emission reduction in cookstove standard scenario is found in the
two non-electriﬁed land types (NRFA and NRNF) where solid fuels
are most prevalent.
In all regions included in this study, cooking standards provide
the highest emission reduction because they account for energy
consumption and emission in both cooking and other end-uses. The
overall PM emission is reduced by 77% and 3% by applying Tier 2
cooking and heating stove standards, respectively. With Tier 4
standards, PM emission reduction of 88% in cooking and 5% in
heating can be achieved. For lighting, only 1% of PM emission
reduction is caused by switching simple wick lamps to hurricane
lamps.
3.2. Regional emission reductions
World regions differ in the types of fuels used, the availability of
forests and electricity, and the prevalence of each land type. In this
section, we discuss the effectiveness of each scenario in ﬁve major
world regions. Fig. 2 summarizes PM and CO2 emission reductions
in four scenarios for PM (ﬁlled symbols) and CO2 (open symbols).
The “total” graph (upper right in Fig. 2) covers the entire study
region and corresponds to the data in Fig. 1. The ﬁgures show the
fuel-switching scenario and the cleanest-current-stove scenario.
They also include Tier II stove standards, which achieve signiﬁcant
reductions (Fig. 1), and the aspirational Tier IV stove standards. Tier
I standards, which gave little reduction, and the intermediate Tier
III standards are excluded to avoid clutter. For context, Fig. 2 also
indicates the absolute magnitude of baseline emissions (ﬁrst and
third rows). A combination of high emissions and large reductions
Fig. 1. Emission reductions in the entire study region for fuel-switching and cleanest-current stove scenarios (top) and stove standard scenarios (bottom). Each ﬁgure shows
cumulative emissions over ﬁve land types; that is, the level of emissions shown for each land type is equal to emissions in that land type plus all land types to the left. Right panels
show the total percent of baseline emissions for eight pollutants (top) and for the four pollutants affected by stove standard scenarios (bottom).
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Latin America: In Latin America, modern fuels are already
widespread, especially in urban land types. The largest fuel con-
sumption and remaining emissions are in forest access areas, where
we assume that fuel switching has little effect. Fuel switching re-
duces PM emission by more than 69% in NRNF with a switch from
fuelwood to LPG.
With clean stove scenarios, large CO2 and PM emission re-
ductions occur in ERFA and NRFA. There is a greater reductionwhen
fan-assisted improved stoves can be used (ERFA compared with
NRFA). In this region, some land types (URB, ERNF, and NRNF) have
higher reductions in the cleanest-current-stove scenario than in
the Tier 4 scenario. The reason is that present-day advanced fuels,
like LPG, already meet Tier 4 standards without requiring
improvement in combustion devices. In all cases, PM is reduced
muchmore than CO2. If the assumptions used in these scenarios are
correct, clean-stove interventions will do more to reduce emissions
and energy consumption throughout Latin America than will fuel-
switching.
Africa: In Africa, most energy consumption and emission occur
in non-electriﬁed rural areas (NRNF, NRFA). Fuelwood is a primary
energy source, accounting for 75% of consumption in this region.
Fuel switching greatly reduces CO2 and PM in areas without forest
access; reductions are nearly 100% in URB and ERNF, and 57e76% in
NRNF for CO2 and PM.
Fuelwood use persists in areas with forest access, ERFA
and NRFA. Clean-stove scenarios produce large reductions in PM
(98% and 97%, respectively, for Tier 4) and also reduce energyconsumption. Although most pollutants are reduced, NOx emission
sometimes increases with combustion efﬁciency. In Africa, a mix of
fuel-switching and clean stoves will be required to reduce emis-
sions, depending on the land type.
East Asia: East Asia has high total energy consumption because
of its population. Primary energy sources are fuelwood, agricultural
waste, and coal. Heating end-use has a relatively higher share
compared with other regions. The largest fuel consumption occurs
in forest access areas, where Tier 4 scenarios have the greatest ef-
fect (86% and 91% in ERFA and NRFA, respectively). Clean fuels
reduce PM emissions by 58% in ERNF, where coal and agricultural
waste are switched to electricity. They have less effect than clean
stoves in other areas, including NRNF, where the majority of the
fuel is agricultural waste and no switching occurs. The cleanest-
current-stove scenario also reduces PM emissions in NRNF by
42%, while CO2 reduction ranges from 11 to 41% in all land types.
Overall, clean stovesdespecially Tier 4 stovesdprovide the great-
est emission reduction. Not considered in the clean-fuels scenario,
however, is the use of coal briquettes that are prevalent throughout
China.
South Asia: Most PM emissions in South Asia come from
biomass: fuelwood, agricultural waste, and dung. Unlikemost other
regions, fuel consumption and emissions are about evenly spread
among the four rural land types. Clean fuels are effective where
they can be distributed, reducing 97% of the PM emission in ERNF.
Fuel switching provides little or no reduction in the other land
types because of persistent solid-fuel use. In forest-access land
types, fuelwood consumption provides 98% of energy, and in NRNF,
Fig. 2. Mitigation potential for PM and CO2 in each land type under four scenarios: fuel switching (Fuel), cleanest-current-stove (Stove), and Tier 2 and Tier 4 stove standards. First
and third rows: Baseline emissions of PM and CO2, indicating locations of greatest emission requiring reductions. Second and fourth rows: Percentage reductions of PM (ﬁlled
symbols) and CO2 (open symbols) for each region. CO2 emissions may be considered a proxy for energy consumption. Land types are Urban (URB); Electriﬁed Rural with Forest
Access (ERFA); Electriﬁed Rural, Non-Forest access (ERNF); Non-electriﬁed Rural with Forest Access (NRFA); and Non-electriﬁed Rural, Non-Forest access (NRNF).
E. Winijkul, T.C. Bond / Atmospheric Environment 124 (2016) 1e11 7agricultural waste and dung use accounts for 76%. In the cleanest-
current-stove scenario, PM emissions are reduced by 98%, 68%,
and 77% in ERFA, NRNF, and NRFA respectively; these improve-
ments are much more than the decrease in CO2 emission, so that
PM reductions can be attributed to both efﬁciency and emission
improvements. Tier 4 stoves achieve 89e98% PM reductions in all
rural land types.
Southeast Asia: In Southeast Asia, the main energy sources are
fuelwood and agricultural waste. Emissions and fuel consumption
are higher in forest access areas, with 68% of the total emissions in
ERFA and NRFA. In forest access land types, fuelwood supplies more
than 88% of total consumption. In ERNF and NRNF, agricultural
waste is the major fuel. For this reason, clean stove scenarios make
a greater difference in total emissions. For PM, 98% reductions are
achieved in both ERFA and NRFA in the Tier 4 scenario. Fuel
switching is most effective in NRNF where the reduction is around
40%. For CO2, the fuel-switching scenario produces a higher
reduction than any stove scenario in URB and ERNF.Fig. 3. Mitigation potential for regional emissions under four scenarios. Top: Baseline
emissions of PM and CO2 in ﬁve regions, for context. Bottom: Reductions of PM (ﬁlled
symbols) and CO2 (open symbols) for each region under four scenarios: fuel-switching
(Fuel), cleanest-current-stove (Stove), and Tier 2 and Tier 4 stove standards.3.2.1. Summary of regional emission reductions
Fig. 3 summarizes current baseline emissions and emission re-
ductions in each region across all land types. Because of the large
number of people, and hence emissions, in forest access areas, our
assumptions lead to the ﬁnding that cleaner stoves are more likely
to yield major reductions in particulate matter emissions than
cleaner fuels. Tier 2 stove standards generally perform better than
the cleanest current stoves; even this modest reduction would
produce emission beneﬁts. Tier 4 stove standards yield themaximum beneﬁt among all scenarios. These devices, however, are
not yet proven with real users.
In the cleanest-current-stove scenario, improved stove efﬁ-
ciency decreases LPG and fuelwood consumption in all regions. East
E. Winijkul, T.C. Bond / Atmospheric Environment 124 (2016) 1e118Asia has a lower energy reduction compared with other regions,
because heating stoves have a greater contribution in that region
and efﬁciency improvements have a lower impact. For Africa, the
energy reduction is lower because more fuelwood is used in non-
electriﬁed land types, where more efﬁcient stoves with fans
cannot be used.
Table 3 summarizes the changes in use of the main energy
carriers under each scenario. In the fuel switching scenario, elec-
tricity consumption increases (28e112%) and fuelwood consump-
tion decreases (0e44%) in all regions. In Africa and East Asia, LPG
consumption increases to fulﬁll demand in non-electriﬁed areas. In
Latin America, South Asia, and Southeast Asia, the provision of
electricity in electriﬁed areas frees LPG for distribution to outlying
areas, and existing LPG consumption is sufﬁcient to provide energy
to users in the remaining non-electriﬁed land types.3.3. National emission reductions
The preceding discussion emphasized emission improvements
in broad geographical areas. However, because of differences in
current fuel availability and use, beneﬁts vary among nations.
Particulate matter emission reductions in each country are sum-
marized in Fig. 4 for three scenarios: cleanest current stove, Tier 2
stove standard, and fuel switching. Also shown in the ﬁgure is the
fraction of remaining PM emissions from the highest emitting fuels:
coal, charcoal, fuelwood, agricultural waste, and dung. This division
demonstrates that for all scenarios and regions, emissions from the
residential sector are still largely driven by solid-fuel combustion.
The division also provides additional insight into the differences
among regions.
In the cleanest-current-stove scenario, regional variation among
countries can be seen in Asia where most countries achieve more
than 60% PM emission reduction, except for countries in East Asia.
Because high biomass consumption occurs in most of Asia, cleaner
stoves reduce emissions. However, the lower emission reduction in
East Asia occurs because heating consumes a large portion of en-
ergy, and this scenario does not include improved heating stoves. In
the Tier 2 scenario, the effect of stove standards upon heating
stoves becomes apparent in China and Mongolia.
In the fuel switching scenario, high variation among country
emission reductions is found in Africa. Low emission reduction (less
than 20%) occurs in countries whose baseline consumption of clean
fuels like LPG is already high. Countries with high consumption of
both fuelwood and agricultural waste also have low reductions,
since fuelwood ﬁlls needs in areas with forest access, and agricul-
tural waste ﬁlls needs when forests are distant. The highest
reduction, more than 80%, is found in countries where fuelwood is a
dominant source and there is little to no consumption of other solid
biomass.Table 3
Changes in consumption of fuels in two mitigation scenarios, compared with the
baseline scenario.
Region Percentage changea in fuel consumption
Cleanest current
stove
Fuel switching
LPG Fuelwood Electricity LPG Fuelwood
Latin America 15 52 þ28 38 6
Africa 15 49 þ79 þ197 44
South Asia 15 55 þ112 73 24
East Asia 12 49 þ41 þ36 0
Southeast Asia 15 54 þ47 48 11
a Positive change means increase in energy consumption from the baseline
scenario.A combination of cleaner stoves and cleaner fuels is necessary to
reduce emission in most countries. Pie charts in each of the sce-
narios demonstrate the fuels that have residual emissions after the
scenario is implemented. Fuel switching provides large emission
reduction from fuels that are not free, such as coal and charcoal,
while cleaner stoves provide higher emission reduction when free
fuels are used.
4. Summary and outlook
This study examined residential emissions and the potential for
reduction when end-uses and surrounding resources were
considered both in placing the initial emissions and in determining
plausible mitigation strategies. Three emission reduction scenarios
were studied: cleanest current stove, stove standard, and fuel
switching. In the cleanest-current-stove scenario, we altered the
stoves in the baseline scenario to the cleanest existing stoves
compatible with each land type. In the stove standard scenario, we
assumed that heating stoves and cooking stoves met existing per-
formance standards. In the fuel-switching scenario, we assumed
that users adopt the cleanest plausible fuels governed by land type.
In forest access areas (ERFA and NRFA), our assumption that
fuelwood is free and its use is persistent leads to the ﬁnding that
cleaner-stove scenarios are required to reduce energy consumption
and emissions. On the other hand, when fuelwood is not free (URB
and ERNF), the fuel-switching scenario reduces energy consump-
tion and emissions more than clean-stove scenarios. In all regions,
clean stove scenarios yield larger emission reductions than fuel
switching scenarios. This ﬁnding is a result of the assumptions that
wood fuel is used in forest access areas, and that people in these
areas will not switch to cleaner fuels even if they are available. In
NRNF, with the most diverse assumed fuel mix, the change in en-
ergy consumption varies among scenarios.
If the assumptions given here are broadly correct, then a com-
bination of cleaner stove and fuel switching scenarios is required to
achieve maximum reduction across all land types. Variations
among nations are foundwithin the same region, depending on the
fuel mix and location of the largest population. These dissimilarities
point to the need to consider national and sub-national circum-
stances when estimating causes of and reduction measures for
emissions and energy consumption in the residential sector.
This work provides a preliminary framework to estimate emis-
sion reductions from the residential sector, considering resources
and end-uses. Despite the importance of this sector for pollutant
emissions on a global scale, data on household energy use are
limited, leading to uncertainties in these mitigation estimates.
Here, we summarize needs for information that could support
studies like this one.
Success of improved stove programs. For the study year of 2010,
we assume that all current stoves are traditional. Many improved
stove programs are in place (Urmee and Guamﬁ, 2014), for example
in China (Smith et al., 1993; Kumar et al., 2013), India
(Venkataraman et al., 2010; Kumar et al., 2013), Zimbabwe, and
Haiti. In previous decades, replacement cookstoves were designed
with chimneys to remove smoke from the home, but emissions and
efﬁciency were not markedly improved, and thus these programs
had little effect on baseline emissions. With recent focus on stove
technology development and an increase in large programs,
emissions and efﬁciency of updated stoves will alter the baseline
calculation in the coming years. Measurements of sustained
adoption beyond the program lifetime, and evaluation of in-use
emission and efﬁciency of these improved stoves, will be required
to estimate the actual impact of these programs.
Fuel type. For consistency with other studies, we used national
biomass consumption data given by IEA (2012a, b). These data are
Fig. 4. PM emission reductions by country for three scenarios. Pie charts indicate fraction of emission from different fuel types remaining in each region after the emission
reductions.
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wood, agricultural waste, and dung by using data from other
studies (Winijkul et al., 2015). Each of these fuels requires different
stove designs to improve combustion and reduce emissions. Data
on consumption by fuel type, as well as stoves designed to improve
emissions and efﬁciency of mixed fuels, would inform both the
baseline and mitigation estimates.
End use. There is very little information on energy required for
household end-uses, and the division provided here was based on
only a few observations. The large fraction allocated to “Other” uses
in some regions indicates that household use is not well under-
stood. This lack of knowledge implies that interventions targeting
cooking or heating alone may not provide sufﬁcient services to
displace household uses completely.
Realistic emission factors and stove efﬁciencies. We used average
stove efﬁciencies and emission factors for each stove and fuel. Re-
ported emission factors may vary by factors of three or more, and
stove performance is not understood well enough to determine
whether this range reﬂects variability between homes or between
regions. Emission factors are greater when measured in household
settings than in laboratories, and in-ﬁeld emission measurements
are available only for wood and coal. Neither are in-ﬁeld efﬁciency
and emission measurements for advanced technologies such as fan
stoves.
Inclusion of advanced technologies. Development of cooking and
heating stoves is now occurring rapidly given increased attention
and funding. Existing measurement datasets do not include the
latest coal heating stoves in China or biomass cookstoves with
gasiﬁcation, among others.
Causes of fuel and stove switching. We have assumed that pro-
grams can achieve full replacement of fuels or stoves, governed
only by availability, which in turn is affected by land type. House-
hold decisions about energy consider many factors, including in-
come, tradition, and other beneﬁts of the fuels or technologies
chosen. Greater understanding of these decision factors will lead to
more realism in estimating mitigation potential.
Acknowledgments
This work was supported by the Clean Air Task Force, Climate-
Works, and by the United States Environmental Protection Agency
under grant RD-83542301. The authors thank Mr. Xiaofu Chen of
the China Association of Rural Energy Industry (CAREI) for
providing heating stove emission standards used in China.
Appendix A. Supplementary data
Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.atmosenv.2015.10.011.
References
Albalak, R., Bruce, N., McCracken, J., Smith, K., De Gallardo, T., 2001. Indoor respi-
rable particulate matter concentrations from an open ﬁre, improved stove, and
LPG/open ﬁre combination in a rural Guatemalan community. Environ. Sci.
Technol. 35, 2650e2655.
Barnes, D.F., Krutilla, K., Hyde, W.F., 2005. The Urban Household Energy Transition.
RFF Press Book, Washington, DC, USA.
Bazilian, M., Cordes, L., Nussbaumer, P., Yager, A., 2011. Partnerships for access to
modern cooking fuels and technologies. Curr. Opin. Environ. Sustain. 3,
254e259.
Bhatt, B.P., Sachan, M.S., 2004. Firewood consumption along an altitudinal gradient
in mountain village of India. Biomass Bioenergy 27, 69e75.
Bhattacharya, S.C., Salam, P.A., 2002. Low greenhouse gas biomass options for
cooking in developing countries. Biomass Bioenergy 22, 305e317.
Bhattacharya, S.C., Albina, D.O., Khaing, A.M., 2002. Effects of selected parameters
on performance and emission of biomass-ﬁred cookstoves. Biomass Bioenergy
23, 387e395.
Bond, T.C., Streets, D.G., Yarber, K.F., Nelson, S.M., Woo, J.H., Klimont, Z., 2004.A technology-based global inventory of black and organic carbon emissions
from combustion. J. Geophys. Research-Atmospheres 109, 1e43.
Boy, E., Bruce, N., Smith, K.R., Hernandez, R., 2000. Fuel efﬁciency of an improved
wood-burning stove in rural Guatemala: implications for health, environment
and development. Energy Sustain. Dev. 2, 23e31.
Cao, G., Zhang, X., Gong, S., Zheng, F., 2008. Investigation on emission factors of
particulate matter and gaseous pollutants from crop residue burning. J. Environ.
Sci. 20, 50e55.
Champier, D., Bedecarrats, J.P., Kousksou, T., Rivaletto, M., Strub, F., Pignolet, P., 2011.
Study of the TE (thermoelectric) generator incorporated in a multifunction
wood stove. Energy 36, 1518e1526.
Champier, D., Bedecarrats, J.P., Rivaletto, M., Strub, F., 2010. Thermoelectric power
generation from biomass cook stoves. Energy 35, 935e942.
City of Beijing, 2008. General Technical Speciﬁcation of Domestic Biomass Stove/
Boiler. DB11/T 540e2008 (In Chinese).
Dovie, D.B.K., Witkowski, E.T.F., Shackleton, C.M., 2004. The fuelwood crisis in
southern Africa e relating fuelwood use to livelihoods in a rural village. Geo J.
60, 123e133.
Edwards, R.D., Smith, K.R., Zhang, J., Ma, Y., 2004. Implications of changes in
household stoves and fuel use in China. Energy Policy 32, 395e411.
Emission Database for Atmospheric Research (EDGAR), 2012. Global Emissions
EDGARS v4.2. Available online at: http://edgar.jrc.ec.europa.eu/overview.php?
v¼42 (accessed January 2011).
Ezzati, M., Kammen, D.M., 2002. Evaluating the health beneﬁts of transitions in
household energy technologies in Kenya. Energy Policy 30, 815e826.
Ezzati, M., Mbinda, B.M., Kammen, D.M., 2000. Comparison of emissions and resi-
dential exposure from traditional and improved cookstoves in Kenya. Environ.
Sci. Technol. 34, 578e583.
Fernandes, S.D., Trautmann, N.M., Streets, D.G., Roden, C.A., Bond, T.C., 2007. Global
biofuel use, 1850-2000. Glob. Biogeochem. Cycles 21, 1e15.
Foell, W., Pachauri, S., Spreng, D., Zerrifﬁ, H., 2011. Household cooking fuels and
technologies in developing economics. Energy Policy 39, 7487e7496.
Goldemberg, J., Johansson, T.B., Reddy, A.K.N., Williams, R.H., 2004. A global clean
cooking fuel initiative. Energy Sustain. Dev. 8, 5e12.
Greenhouse Gas e Air Pollution Interactions and Synergies (GAINS), 2012. Available
online athttp://gains.iiasa.ac.at/index.php/home-page/241-on-line-access-to-
gains. (accessed January 2011).
Grieshop, A.P., Marshall, J.D., Kandlikar, M., 2011. Health and climate beneﬁts of
cookstove replacement options. Energy Policy 39, 7530e7542.
Gwavuya, S.G., Abele, S., Barfuss, I., Zeller, M., Muller, J., 2012. Household energy
economics in rural Ethiopia: a cost-beneﬁt analysis of biogas energy. Renew.
Energy 48, 202e209.
Heltberg, R., 2004. Fuel switching: evidence from eight developing countries. En-
ergy Econ. 26, 869e887.
Houck, J.E., Tiegs, P.E., 1998. Residential Wood Combustion Technology Review,
Volume 1. Technical Report. USEPA report: EPA-600/R-98e174a.
International Institute for International Applied Systems Analysis (IIASA), 2012.
Emissions of Air Pollutants for the World Energy Outlook 2012 Energy Sce-
narios. Draft Final Report. September 2012.
International Energy Agency (IEA), 2012a. Energy Statistics of Non-oecd Countries
CD-rom. Paris, France.
International Energy Agency (IEA), 2012b. Energy Statistics of OECD Countries CD-
rom. Paris, France.
IEA, International Energy Agency (IEA), 2010. World Energy Outlook 2010. Paris,
France.
International Organization for Standardization (ISO), 2012. IWA11: Guideline for
Evaluating Cookstove Performance.
Jetter, J.J., Kariher, P., 2009. Solid-fuel household cook stoves: characterization of
performance and emissions. Biomass Bioenergy 33, 294e305.
Jetter, J.J., Zhao, Y., Smith, K.R., Khan, B., Yelverton, T., DeCarlo, P., Hays, M.D., 2012.
Pollutant emissions and energy efﬁciency under controlled conditions for
household biomass cookstoves and implications for metrics useful in setting
international test standards. Environ. Sci. Technol. 46, 10827e10834.
Joshi, V., Venkataraman, C., Ahuja, D.R., 1989. Emissions from burning biofuels in
metal cookstoves. Environ. Manag. 13, 763e772.
Johnson, M., Edwards, R., Frenk, C.A., Masera, O., 2008. In-ﬁeld greenhouse gas
emissions from cookstoves in rural Mexican households. Atmos. Env. 42,
1206e1222.
Kar, A., Rehman, I.H., Burney, J., Puppala, S.P., Suresh, R., Singh, L., Singh, V.K.,
Ahmed, T., Ramathan, N., Ramathan, V., 2012. Real-time assessment of black
carbon pollution in India households due to traditional and improved biomass
cookstoves. Environ. Sci. Technol. 46, 2993e3000.
Kim, K., Jahan, S.A., Kabir, E.A., 2011. Review of diseases associated with household
air pollution due to the use of biomass fuels. J. Hazard. Mater. 192, 425e431.
Kumar, M., Kumar, S., Tyagi, S.K., 2013. Design, development and technological
advancement in the biomass cookstoves: a review. Renew. Sustain. Energy Rev.
26, 265e285.
Lam, N.L., Chen, Y., Weyant, C., Venkataraman, C., Sadavarte, P., Johnson, M.,
Smith, K.R., Brem, B.T., Arineitwe, J., Ellis, J.E., Bond, T.C., 2012. Household light
makes global heat: high black carbon emissions from kerosene wick lamps.
Environ. Sci. Technol. 46, 13531e13538.
Lewis, J., Pattanayak, S.K., 2012. Who adopts improved fuels and cookstoves? A
systematic review. Environ. Health Perspect. 120, 637e645.
Lu, Y., 1993. Fueling One Billion: an Insider's Story of Chinese, Energy Policy Devel-
opment. Washington Institute Press, Washington, DC, ISBN 0-88702-065-8.
E. Winijkul, T.C. Bond / Atmospheric Environment 124 (2016) 1e11 11MacCarty, N., Ogle, D., Still, D., Bond, T., Roden, C., 2008. A laboratory comparison of
the global warming impact of ﬁve major types of biomass cooking stoves. En-
ergy Sustain. Dev. 2, 1e14.
MacCarty, N., Still, D., Ogle, D., 2010. Fuel use and emissions performance of ﬁfty
cooking stoves in the laboratory and related benchmarks of performance. En-
ergy Sustain. Dev. 14, 161e171.
Masera, O.R., Saatkamp, B.D., Kammen, D.M., 2000. From linear fuel switching to
multiple cooking strategies: a critique and alternative to the energy ladder
model. World Dev. 28, 2083e2103.
McDonald, J.D., Zielinska, B., Fujita, E.M., Chow, J.C., Watson, J.G., 2000. Fine particle
and gaseous emission rates from residential wood combustion. Environ. Sci.
Technol. 34, 2080e2091.
Mehta, S., Shahpar, C., 2004. The health beneﬁts of interventions to reduce indoor
air pollution from solid fuel use: a cost-effectiveness analysis. Energy Sustain.
Dev. 3, 53e59.
Miah, M.D., Kabir, R.R.M.S., Koike, M., Akther, S., Shin, M.Y., 2010. Rural household
energy consumption pattern in the disregarded villages of Bangladesh. Energy
Policy 38, 997e1003.
O'Shaughnessy, S.M., Deasy, M.J., Kinsella, C.E., Doyle, J.V., Robinson, A.J., 2013. Small
scale electricity generation from a portable biomass cookstove: prototype
design and preliminary results. Appl. Energy 102, 374e385.
Pachauri, S., van Ruijven, B.J., Nagai, Y., Riahi, K., van Vuuren, D.P., Brew-
Hammond, A., Nakicenovic, N., 2013. Pathways to achieve universal household
access to modern energy by 2030. Environ. Res. Lett. 8, 1e7.
People's Republic of China, 2012. General Speciﬁcation for Biomass Cooking and
Heating Stoves. NB/T 34007e2012 (In Chinese).
Pandey, D., 2002. Fuelwood Studies in India: Myth and Reality. Center for Inter-
national Forestry Research, Indonesia.
Philips, 2006. Philips Develops a Woodstove that Saves Lives and Preserves Energy
Resources. Philips Research Press Release. February 2. Available online at:
http://www.research.philips.com/newscenter/archive/2006/060227-
woodstove.html (accessed January 2013).
Ramanathan, V., Carmichael, G., 2008. Global and regional climate changes due to
black carbon. Nat. Geosci. 1, 221e227.
Ramanathan, V., Agrawal, M., Akimoto, H., Aufhammer, M., Devotta, S., Emberson, L.,
Hasnain, S.I., Iyngararasan, M., Jayaraman, A., Lawrance, M., Nakajima, T., Oki, T.,
Rodhe, H., Ruchirawat, M., Tan, S.K., Vincent, J., Wang, J.Y., Yang, D., Zhang, Y.H.,
Autrup, H., Barregard, L., Bonasoni, P., Brauer, M., Brunekreef, B., Carmichael, G.,
Chung, C.E., Dahe, J., Feng, Y., Fuzzi, S., Gordon, T., Gosain, A.K., Htun, N., Kim, J.,
Mourato, S., Naeher, L., Navasumrit, P., Ostro, B., Panwar, T., Rahman, M.R.,
Ramana, M.V., Rupakheti, M., Settachan, D., Singh, A.K., Helen, G.S., Tan, P.V.,
Viet, P.H., Yinlong, J., Yoon, S.C., Chang, W.C., Wang, X., Zelikoff, J., Zhu, A., 2008.
Atmospheric Brown Clouds: Regional Assessment Report with Focus on Asia.
United Nations Environment Programme, Nairobi, Kenya.
Raman, P., Murali, J., Sakthivadival, D., Vigneswaran, V.S., 2013. Performance eval-
uation of three types of forced draft cook stoves using fuel wood and coconut
shell. Biomass Bioenergy 24, 333e340.
Riahi, K., Dentener, F., Gielen, D., Grubler, A., Jewell, J., Klimont, Z., Krey, V.,
McCollum, D., Pachauri, S., Rao, S., van Ruijven, B., van Vuuren, D.P., Wilson, C.,
2011. Energy Pathways for Sustainable Development: Proceedings of the Global
Energy Assessment: toward a More Sustainable Future. IIASA, Laxenburg,
Austria and Cambridge University Press, Cambridge UK.
Roden, C.A., Bond, T.C., Conway, S., Pinel, A.B.O., MacCarty, N., Still, D., 2009. Labo-
ratory and ﬁeld investigations of particulate and carbon monoxide emissions
from traditional and improved cookstoves. Atmos. Environ. 43, 1170e1181.
Romieu, I., Riojas-Rodríguez, H., Marron-Mares, A.T., Schilmann, A., Perez-Padilla, R.,
Masera, O., 2009. Improved biomass stove intervention in rural Mexico. Am. J.
Respir. Crit. Care Med. 180, 649e656.
Schlag, N., Zuzarte, F., 2008. Market Barriers to Clean Cooking Fuels in Sub-saharan
Africa: a Review of Literature. Working Paper, Stockholm Environment Institute,
April 2008.
Shen, G., Tao, S., Wei, S., Chen, Y., Zhang, Y., Shen, H., Huang, Y., Zhu, D., Yuan, C.,
Wang, H., Wang, Y., Pei, L., Liao, Y., Duan, Y., Wang, B., Wang, R., Lv, Y., Li, W.,
Wang, X., Zheng, X., 2013. Field measurement of emission factors of PM, EC, OC,
parent, nitro- and oxy-polycyclic hydrocarbons for residential briquette, coal
cake, and wood in rural Shanxi, China. Environ. Sci. Technol. 47, 2998e3005.
Shen, G., Yang, Y., Wang, W., Tao, S., Zhu, C., Min, Y., Xue, M., Ding, J., Wang, B.,
Wang, R., Shen, H., Li, W., Wang, X., Russell, A.G., 2010. Emission factors of
particulate matter and elemental carbon for crop residues and coals burned in
typical household stoves in China. Environ. Sci. Technol. 44, 7157e7162.Smith, K.R., Dutta, K., Chengappa, C., Gusain, P.P.S., Masera, O., Berrueta, V.,
Edwards, R., Bailis, R., Shields, K.N., 2007. Monitoring and evaluation of
improved biomass cookstove programs for indoor air quality and stove per-
formance: conclusions from the household energy and health project. Energy
Sustain. Dev. 11, 5e18.
Smith, K.R., Shuhua, G., Kun, H., Daxiong, Q., 1993. One hundred million improved
cookstoves in China: how was it done. World Dev. 21, 941e961.
Smith, K.R., Uma, R., Kishore, V.V.N., Lata, K., Joshi, V., Zhang, J., Ramussen, R.A.,
Khalil, M.A.K., 2000a. Greenhouse Gases from Small-scale Combustion Devices
in Developing Countries. USEPA report: EPA-600/R-00e052.
Smith, K.R., Uma, R., Kishore, V.V.N., Zhang, J., Joshi, V., Khalil, M.A.K., 2000b.
Greenhouse implications of household stoves: an analysis for India. Ann. Rev.
Energy Environ. 25, 741e763.
Sumati, V., 2006. Examining the Socioeconomic Drivers of Fuelewood Dependence
in Villages on the Northern Boundary of Bandipur National Park. M.Sc. thesis.
Manipal Academy of Higher Education, Karnataka, India, 2006.
Tabuti, J.R.S., Dhillion, S.S., Lye, K.A., 2003. Firewood use in Bulamogi county,
Uganda: species selection, harvesting and consumption patterns. Biomass
Bioenergy 25, 581e596.
The World Bank, 2013. World Bank to Boost Access to Electricity and Clean Fuels,
Renewable Energy and Energy Efﬁciency. Available online at: http://www.
worldbank.org/en/news/press-release/2012/06/21/world-bank-boost-access-
electricity-clean-fuels-renewable-energy-efﬁciency (accessed Jun 2013).
U.S. EPA, 2013. Emission Inventory. Available online at: http://www.epa.gov/air/
aqmportal/management/emissions_inventory/index.htm (accessed Jun 2013).
Urmee, T., Guamﬁ, S., 2014. A review of improved cookstove and technologies and
programs. Renew. Sustain. Energy Rev. 33, 625e635.
UN Foundation, 2013. Global Alliance for Clean Cookstoves. Available online at:
http://www.unfoundation.org/what-we-do/campaigns-and-initiatives/
cookstoves/ (accessed Jun 2013).
UNEP, 2011. Near-term Climate Protection and Clean Air Beneﬁts: Actions for
Controlling Short-lived Climate Forcers. A UNEP synthesis report. Available
online at: http://www.unep.org/pdf/Near_Term_Climate_Protection_&_Air_
Beneﬁts.pdf (accessed Jun 2013).
Varunkumar, S., Rajan, N.K.S., Mukunda, H.S., 2012. Experimental and computa-
tional studies on a gasiﬁer based stove. Energy Convers. Manag. 53, 135e141.
Venkataraman, C., Rao, G.U.M., 2001. Emission factors of carbon monoxide and size-
resolved aerosols from biofuel combustion. Environ. Sci. Technol. 35,
2100e2107.
Venkataraman, C., Sagar, A.D., Habib, G., Lab, N., Smith, K.R., 2010. The Indian na-
tional initiative for advanced biomass cookstoves: the beneﬁts of clean com-
bustion,. Energy Sustain. Dev 14, 63e72.
Wijayatunga, P.D.C., Attalage, R.A., 2003. Analysis of rural household energy sup-
plies in Sri Lanka: energy efﬁciency, fuel switching and barriers to expansion.
Energy Convers. Manag. 44, 1123e1130.
Winijkul, E., Bond, T.C., Fierce, L., 2015. Emission from Residential Combustion
Considering Spatial Constraints: Part I: Methods and Spatial Distribution of
Current Emissions. Submitted to Atmospheric Environment (Companion Paper).
Witt, M.B., 2005. An Improved Wood Cookstove: Harnessing Fan Driven Forced
Draft for Cleaner Combustion. Available online at: www.aprovecho.org/lab/rad/
rl/stove-design/doc/24/raw (accessed January 2013).
World Health Organisation (WHO), 2006. Fuel for Life: Household Energy and
Health. Geneva.
World Health Organization, 2010. WHO Guidelines for Indoor Air Quality: Selected
Pollutants. Available at: http://www.who.int/indoorair/publications/
9789289002134/en/ (accessed: January 2013).
Zhang, J., Smith, K.R., Ma, Y., Ye, S., Jiang, F., Qi, W., Liu, P., Khalil, M.A.K.,
Rasmussen, R.A., Thorneloe, S.A., 2000. Greenhouse gases and other airborne
pollutants from household stoves in China: a database for emission factors.
Atmos. Environ. 34, 4537e4549.
Zhi, G., Chen, Y., Feng, Y., Xiong, S., Li, J., Zhnag, G., Sheng, G., Fu, J., 2008. Emission
characteristics of carbonaceous particles from various residential coal-stoves in
China. Environ. Sci. Technol. 42, 3310e3315.
Zhi, G., Peng, C., Chen, Y., Liu, D., Sheng, G., Fu, J., 2009. Deployment of coal bri-
quettes and improved stoves: possibly an option for both environment and
climate. Environ. Sci. Technol 43, 5586e5591.
Zhou, Z., Wu, W., Wang, X., Chen, Q., Wang, O., 2009. Analysis of changes in the
structure of rural household energy consumption in northern China: a case
study. Renew. Sustain. Energy Rev. 13, 187e193.
